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NASA TT F-9761 

THE STATE OF GAS BEHIND A STRONG SHOCK WAVE 

L.M. Biberman and I .T.  Yakubov 

ABSTRACT 

Derivation of a system of 

equations determining the  

shock waves. A method of 

i n t o  account t h e  presence 

k i n e t i c s  and gas-dynamics 

state of a gas behind s t rong  

so lu t ion  i s  proposed which takes  

of a l l  t h e  exc i ted  states of 

n e u t r a l  atoms. Relaxation i n  a i r  i s  inves t iga ted  f o r  shock- 

wave v e l o c i t i e s  v > 1 0  km/sec. The fundamental processes 

are ascer ta ined ,  and t h e  r e l axa t ion  t i m e s  are ca lcu la ted ,  

1 

u f  
A study of t h e  s ta te  of gas behind a shock-wave f r o n t  demands t h e  /340* 

simultaneous so lu t ion  of equatinns involving gas dynamics and physical and 

chemical k ine t i c s .  There are d i f f i c u l t i e s  assoc ia ted  wi th  t h e  necess i ty  

of taking i n t o  consideration t h e  numerous chemical compounds formed during 

t h e  r e l axa t ion  process, as w e l l  as t h e  aggregate of exc i ted  states of t h e  

various atoms and molecules (Ref. 1,2). 

This paper makes note  of a su i t ab le  system of equations and proposes 

*Note: Numbers i n  t h e  margin ind ica te  pagination i n  t h e  o r i g i n a l  
fore ign  t e x t .  
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an approximate method f o r  solving it with due regard f o r  t h e  r o l e  of t h e  

exc i ted  states. 

Spec i f i ca l ly ,  a shock wave i n  a i r  a t  v e l o c i t i e s  of v 3 10 km/sec 1 

is examined. Despite t h e  approximate na ture  of t h e  so lu t ion ,  t h e  r e s u l t s  

obtained, i t  seems t o  us, are e s s e n t i a l l y  general  i n  nature. 

1. Previous estimates (Ref 3) are confirmed which state t h a t  d i s -  

soc i a t ion  occurs r a t h e r  rap id ly  behind a shock wave (at  v 3 km/sec f o r  1 

a i r ) ,  while t h e  l e n g t h d  the  re laxa t ion  zones is  determined by ion iza t ion  

processes. This is i n  d i r e c t  conf l i c t  with t h e  low ve loc i ty  case, when the  

degree of ion iza t ion  increases  comparatively rap id ly ,  and comes i n t o  equi- 

l ib r ium with a state of unbalanced d i s soc ia t ion ,  a f t e r  which it follows t h e  

change i n  t h i s  d i s soc ia t ion  (Ref 4). 

2. A non-monotonic change i n  length of t h e  ion iza t ion  r e l axa t ion  zone 

takes  p lace  as a function of shock wave ve loc i ty .  

range, t h e  length of t h i s  zone increases with an increase  i n  v 

I n  t h e  v1 = 9 I 10 km/sec 

1' 

Basic Equations 

I f  t h e  shock wave ve loc i ty  i s  s u f f i c i e n t l y  high, t he re  are p r a c t i c a l l y  

no molecules i n  t h e  equilibrium zone behind t h e  shock-wave f ron t .  

appendix shows, with reference t o  a i r ,  t h a t  under these  conditions d issoc ia-  

The 

t i o n  occurs much more rap id ly  than ion iza t ion .  

enables us t o  regard re laxa t ion  i n  a i r  as r e l axa t ion  i n  a mixture of atomic 

A t  v1 3 1 0  Zrm/sec, t h i s  

gases*. 

W e  s h a l l  write t h e  b a s i c  equations f o r  planar shock waves i n  a s ingle-  
~ 

*The same r e s u l t  occurs fo r  other,  molecular gases, but t h e  boundary 
va lue  of v may be d i f f e r e n t .  1 
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cons t i t uen t  gas whose atoms are p r inc ipa l ly  t o  be found i n  var ious  I341 

exc i ted  states. There are no bas i c  d i f f i c u l t i e s  i n  extending t h e  r e s u l t s  t o  

mixtures of gases. 

I f  t h e  wave is  s t a t iona ry ,  t he  balance of t h e  number of p a r t i c l e s  a t  t h e  

t h  level of t h e  atom has t h e  form: 

I !  

1 I i  
- -- ( l l k i ' )  L ( / i ~ l l ~ ) & . '  - ltr'14,.l 6' ) 5 ( f l ' l l h , ~  - ?:z,(fs.A) .f. 

(1) 
~ f ' ~ - l X . ~ ~ ~ ~ , . l l , ~  ~ ~ l l ~ l ~ , , ~ , ~ ~ ~ l l . J l ~ ~ ~ , ~ )  -i- i l l  a c J h v * -  

1. 

- l l , J t d l l , , , l  "') tP ( l l ~ l / , , / ~ , ~ " ' - J l  , i t d + i " ) .  - 
,I I d  

The l e f t  s i d e  of (1) accounts for  t h e  t r anspor t  of atoms i n  t h e  f l u x ;  

v is  t h e  ve loc i ty  r e l a t i v e  t o  t h e  f ront ;  x is  the  d is tance  from t h e  f ront .  

The r i g h t  s i d e  pe r t a ins  t o  c o l l i s i o n s  and r a d i a t i o n  processes. 

,th 
t h  with atoms on t h e  F 

Atoms  of t h e  

e 
ke 

The two 

level are ionized by co l l i s ions  wi th  e l ec t rons  wi th  e f f i c i ency  j , and 

m 
ke level - f o r  example, with e f f i c i ency  j 

e values j ek and jm ek accordingly account f o r  t he  opposing processes; jk 
is  t h e  p robab i l i t y  of k + n exci ta t ion  by e l ec t ron ic  impact ( k < n), o r  by 

impact of t h e  second kind ( n < k ) ;  j:n is  t h e  p robab i l i t y  of similar 

processes on c o l l i s i o n  with atoms i n  t h e  r state; a t h e  p robab i l i t y  of 

photo-recombination; akn + &, t h e  p robab i l i t y  of spontaneous k + n t r ans i -  

t i o n ,  a = 0, i f  k 6 n o r  level k is metastable. Summation is ca r r i ed  out 

on a l l  t h e  levels r ea l i zed  i n  t h e  plasma. 

t h  
ek' 

kn 

Electron concent ra t ion  i s  denoted 

by ne, and P k 
and des t ruc t ion  of t h e  k- 

is t h e  i n t e g r a l  term which makes allowance f o r  t h e  formation 

t h  state during absorption of r a d i a t i o n  of t h e  

remaining gas volume. 

a'  The k i n e t i c  e l ec t ron  temperatures Tey and atom and ion  temperatures T 

are not i d e n t i c a l ;  T are found from t h e  energy balance of t h e  e l e c t r o n  e 

3 



. 

gas* : 

where S is the  source of e lec t ron  energy and X is  the  coe f f i c i en t  of 

e l ec t ron  heat  conductivity.  

f r o n t  are comparatively small, the  t r ans fe r  processes are not s ign i f i can t .  

ee e 
Since the gas parameter gradien ts  behind the  

Electron heat  conductivity is known t o  occupy a spec ia l  pos i t ion ,  and must 

be taken i n t o  account i n  some cases. 

W e  emplpy t h e  symbol S t o  designate e l ec t ron  heating i n  e l a s t i c  col- ee 

; summation was made over a l l  t h e  states of a l l  gas  nmneQme l i s i o n s  ( C '  

p a r t i c l e s )  and i n  r ad ia t ion  absorption W 

photo-ionization),  l o s ses  i n  free-free t r a n s i t i o n s  ( m C' n m e m e  n F ) and i n e l a s t i c  

m 
( during free-free t r a n s i t i o n s  and / 3 4 2  ee 

c o l l i s i o n s  : 

where U is ioniza t ion  energy from the bas ic  s t a t e ;  Uk, exc i t a t ion  energy of 

t h  t h e  l e v e l ;  cp (T ) , average energy with which an e l ec t ron  is produced 

i n  atom-atom c o l l i s i o n s ;  and cp 

of energy i n  e lec t ron  gas per recombination event. 

i 

k m a  

(T ,T ) and cpk(Te) represent  the  average l o s s  km' a e 

The k i n e t i c s  equations are solved simultaneously with t h e  conservation 

equations which take lo s ses  by rad ia t ion  Q i n t o  account. I n  standard nota t ion ,  

* The energy balance of an electron gas, i n  general  terms, has the  
following aspect : 

where v i s  e lec t ron  ve loc i ty  which i s  d i f f e r e n t  from heavy p a r t i c l e  vel- 
o c i t y  v. Under the  conditions w e  invest igated,  however, t h e  d i f fe rence  be- 
tween v and v is small. 

e 

e 
4 



we have : 

Subscript 1 refers to the gas before the front. Let us write the 

equation for Q: 

Excitation during radiation absorption (k -+ n) is taken into considera- 

tion by Ph. 

C (Ui - U 2  Pke] goes to detach the electron and another to impart kinetic 
energy to it. The second quantity entered into equation (3)  and was repre- 

In photoionization, one part of the energy [represented by 

sented by Wee. 

Q may be made by radiation processes not considered in equation (5), in 

Let us note that in some cases a noticeable contribution to 

order not to make it unnecessarily cumbersome. The role of these processes 

behind a shock-wave in air is discussed further on. 

In addition to ordinary ions n the plasma contains molecular ions i' 
+ The bond between them is effectuated by a very rapid process of charge n2 

exchange. The ions are therefore in quasi-equilibrium. If, moreover, we 

consider that atom and molecule combinations are also interconnected by an 

equilibrium condition (dissociation relaxation having come to an end), we 

then obtain 

( 6 )  
nz+ =a fitl,fl, 

where K is the equilibrium constant of reaction A +-A++A. 

equation ( 6 ) ,  we use coefficients such as j 

With regard to 2 
m .m and j to write the veloci- ke ek 

ties of associative ionization and dissociative recombination, as these pro- 

cesses are noted in equations (l), ( 3 ) ,  and (5). 

5 



+ The plasma is  quasi-neutral, i .e. ,  n = ni + n2 . e 

is a charge separa t ion ,  but separation length  is  s l i g h t  

ambipolar. 

I n  r e a l i t y ,  t he re  

and d i f fus ion  i s  

Absorption of t h e  leading rad ia t ion  upsets t h e  equilibrium of t h e  gas 

before t h e  f r o n t ,  and thus es tab l i shes  t h e  i n i t i a l  conditions of r e l axa t ion  

(Ref. 3). 

I 343  Method of Solvinp a System of Kine t ic  Equations - 
The system derived is  very cumbersome, but any approximate method of 

so lv ing  i t  must take  i n t o  consideration t h e  whole set of exc i ted  states of 

t h e  active atom. 

L e t  us no te  t h a t  contiguous s t a t e s  are very in t imate ly  i n t e r r e l a t e d  by 

shock processes (very l a r g e  cross-sections and s i m i l a r  energy values).  

Therefore, a l l  t h e  various causes of devia t ion  from equilibrium may change 

t h e  t o t a l  population of these  states, r a t h e r  than the  relative d i s t r i b u t i o n  

of p a r t i c l e s  among them. Radiation y i e ld ,  f o r  example, while considerably 

decreasing the  t o t a l  concentration of exc i ted  atoms and e l ec t rons ,  does not  

d i s t u r b  p a r t i c l e  d i s t r i b u t i o n  within t h i s  set of states (Ref. 5). I n  

(Ref. 5) ,  t h e  nonclosed na ture  of the system w a s  t h e  s o l e  reason f o r  devia- 

t i o n  from equilibrium. Behind the  shock-wave, t h e  l ack  of equilibrium is 

c h i e f l y  t h e  r e s u l t  of a gas parameter jump at  t h e  f r o n t ,  bu t  f o r  t h e  same 

reason t h e  r e l axa t ion  wi th in  the  set of neighboring exc i ted  states proceeds 

very rap id ly .  Therefore, p a r t i c l e  d i s t r i b u t i o n  wi th in  t h e  set of contiguous 

states ( i n  which w e  w i l l  a l s o  include t h e  continuous spectrum) is  determined 

by t h e  following system of equations: 

6 



Summation with respect t o  2 is car r ied  o u t  over t h e  group of associated 

levels. This process takes  i n t o  consideration a l l  t h e  c o l l i s i o n s  which 

move particles wi th in  t h i s  set of levels.  

I f  c o l l i s i o n s  with e lec t rons  are predominant, w e  der ive  a Boltzmann 

d i s t r i b u t i o n  ( f o r  T ) with in  t h e  set of states (Ref. 5):  e 

I f  on t h e  contrary,  however, atom-atom c o l l i s i o n s  predominate, then these  

r e l a t ionsh ips  are s a t i s f i e d :  

The discrepancy between T and T a e gives a complex particle d i s t r i b u t i o n  i n  

t h e  set even i n  t h i s  extreme case. 

L e t  us simplify t h e  system of  equations derived earlier by using 

equation (8) - i.e., by assuming tha t  t h e  l i n k  between t h e  exc i ted  and 

ionized states is  forged by e lec t ron  shock. L e t  us include i n  t h e  set of 

combined states a l l  t h e  exc i ted  levels and t h e  continuous spectrum. This is 

f e a s i b l e  i f  t h e r e  are no exc i ted  s t a t e s  i n  t h e  v i c i n i t y  of t h e  bas i c  s t a t e . / 344  

We s h a l l  then obta in  



where 

Equation (10) is far more complex than any of the equations of the 

original system (1). In it, as in equations (11) and (12), all the co- 

efficients for n n and n depend only on temperatures T Te and may 

be calculated. In equation (ll), s is the algebraic sum of the numbers k 
of transitions to levelk resulting from collisions with electrons. 

e' i' 1 a' 

As a 

rule 2 ( r : , -  G ! , ) L ~  is a small quantity. 
t > I  

By taking advantage of the similarity of the upper excited states /345 

, where k is the last of the discrete 
- 
L 

with hydrogen, we may estimate 

states realized in the plasma: 

2 , .  
&: 
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If T is not very large, then C n <<n . This reflects the pre- 
e k>i k e 

cominance of the statistical weight of the continuous spectrum over that 

of the discrete states. Let us assume that ionization and excitation are 

effectuated principally by electron impact, while e e <<Cj . jie k ik If 

C 9~ c<n 
k > i  e' 

then almost all the newly-formed excited atoms must become 

ionized, and this approximates the "instantaneous ionization" adopted in 

(Ref. 1 and 2). In the regimes examined in (Ref. 1 and 2), the conditions 

of "instantaneous ionization" were satisfied. 

Behind the shock-wave front, equation (11) quickly becomes quasi- 

stationary - i.e., the left-side terms with the derivatives dT /dx and 

dv/dx may be disregarded. Under certain, frequently-occurring conditions, 
e 

moreover, the derivatives d /dx are small, when k > 1. The equations are 

then simplified to 
"k 

du 1 
l1.C Ili' 

- -  - - - -~ s, .  

Here the degree of ionization a = n /n has been introduced, and the con- e 

ni + P k  is the 
servation condition nv = const. taken into account; n = 

total number of heavy particles. As a rule, equation(12) can also be 

simplified: 
r l  .-> 

11;. ' 2 
ill,' 1 6.7, +d.I'.. t = =  --'?-.s'., - t' , .<, 

Combining the levels to the limit has simplified the problem by 

allowing us to omit from our consideration the kinetics of individual 

excited-state formation and destruction. 

combination? 

What can stand in the way of this 

It is the impacts which bind the states into a set. If the frequency 

of the radiation processes is much less than the frequency of these impacts, 



then de-excitation does not d i s t u r b  particle d i s t r i b u t i o n  i n  t h e  set. 

should note t h a t  t h i s  r i g i d  condition is  not necessary (Ref. 5).  

W e  

When t r ave l ing  behind a shock-wave, a gas element comes under var ious  

conditions.  

p a r t i c l e s  must be much less than the  t o t a l  r e l axa t ion  time. This can be 

brought about by combining l aye r s  which are similar i n  terms of energy. 

If  w e  neglect t h e  r ad ia t ion  t r a n s i t i o n s  i n t o  t h e  b a s i c  state, then 

The r e l axa t ion  time corresponding t o  t h e  travel of t he  set 

any system of combining l e v e l s  which r i g i d l y  l i n k s  exc i ted  atoms and 

e l ec t rons  permits u s  a t  t h e  beginning of r e l axa t ion  t o  t ake  i n t o  account 

only the ent ry  of t h e  p a r t i c l e s  i n t o  the  set. The population of t he  ex- 

c i t e d  levels proves t o  be s l i g h t  i n  comparison t o  t h e  Boltzmann population 

computed with respec t  t o  the b a s i c  state. 

second kind, which remove p a r t i c l e s  from t h e  set of states, as w e l l  as 

recombination, may be neglected r i g h t  up t o  degrees of ion iza t ion  which 

are very c lose  t o  equilibrium. A t  t h i s  s t age ,  t h e  set  of l e v e l s  is a / 3 4 6  

pass ive  r e se rvo i r ,  s ince  atoms which ge t  i n t o  i t  cannot ge t  out. 

Therefore, c o l l i s i o n s  of t h e  

Considering de-excitation a t  length, w e  cannot a r r i v e  a t  a general  

conclusion, s ince  t h e  corresponding d i r e c t  process - absorption of t h e  radia- 

t i o n  of t h e  remaining gas volume - is not always s u f f i c i e n t l y  strong. 

inasmuch as t h e  concentration of excited atoms i s  low, we may a l s o  i n  a 

number of cases i n  t h e  f i r s t  s t age  disregard de-excitation, i n  comparison 

with ion iza t ion  and exc i t a t ion  by co l l i s ions .  

But, 

Behind strong shock-waves, t h e  degrees of i on iza t ion  i n  t h e  region 

near equilibrium are g r e a t ,  and t h e  r e l a t ionsh ips  i n  expression (8) are 

va l id .  Immediately behind the  f ron t ,  on t h e  o the r  hand, atom-atom c o l l i -  

s ions  may predominate. The cross-sections of t hese  c o l l i s i o n s  are genera l ly  

10 



unknown. The remark h already been mad , however, t h a t  i n  a number of 

cases a t  the  beginning of re laxa t ion  it  is not e s s e n t i a l ,  as regards t h e  

development of t h e  r e l axa t ion  process, t o  have an idea  of t h e  na ture  of 

p a r t i c l e  d i s t r i b u t i o n  wi th in  t h e  l eve l  set. 

t h e  task.  

This s i g n i f i c a n t l y  s impl i f i e s  

It is a t  times advisable t o  d is t inguish  two sets of levels. 

t h e r e  are low-lying exc i ted  levels i n  t h e  v i c i n i t y  of t h e  b a s i c  l e v e l ,  

Thus, i f  

they may be combined with t h e  l a t t e r .  

I n  concluding our remarks on the manner of solving t h e  k i n e t i c s  equa- 

t i o n s ,  l e t  us  underscore t h e  need for a c a r e f u l  check of t h i s  very possi- 

b i l i t y  of combining levels i n t o  a unit .  

Relaxation Behind Powerful Waves i n  Air 

When v1 > > l o  km/sec, molecules d i s s o c i a t e  very r ap id ly  (see Appendix), 

and t h e r e a f t e r  t h e i r  concentration is neg l ig ib ly  s m a l l .  For t h i s  reason, 

w e  are dealing with r e l axa t ion  in  a m i x t u r e  of 0 and N. 

r e s u l t  i n  t h e  formation of t he  ions N , O+, NO', N2 , 02+. Since the  ions 

are i n  quasi-equilibrium with each other,  it tu rns  out t h a t  concentrations 

of molecular ions are ins ign i f i can t ly  small. 

Various c o l l i s i o n s  

+ + 

If 0' "No* L e t  us introduce our notation. Atom concentrations are n 

. Ion concen- %' "N, w e  have i n  mind a c e r t a i n  kth state, t h e  no ta t ion  is 

t r a t i o n s  are nN , r+-, ; t h e i r  sum is ni . 
a = ne/n,n = no + nN + ni. 

+ +  * The degree of i on iza t ion  is  

* Concentrations of molecular ions may be found as s m a l l  addi t ions  by means 

= 0.21/0.79 and equations such as equation (6): nNo+ = nN+n& = nN%b2,nN2+= 

of t h e  r e l a t ionsh ip  QO + no+ + nNo+ + 2n02+)/ nN + "N+ + nNo + + 2 q 2 )  = 

= nNnN + K4 no2+ = %+I@3. 

11 



The condition pv = cons t  can be reduced t o  nv = const. Then 

I n  the  so lu t ion  of s p e c i f i c  problems, the  lack of information on 

atom-atom c o l l i s i o n s  frequent ly  prevents t he  k i n e t i c s  of t he  exci ted states 

from being taken i n t o  account i n  the  f i r s t  s tage  of re laxat ion.  This d i f -  

f i c u l t y  may be avoided i n  the  case of a i r ,  because atom-atom exc i t a t ion  

cannot compete with assoc ia t ive  ionizat ion.  Therefore, e lec t rons  are 

formed, escaping the  upper excited states. The d i s t r i b u t i o n  of atoms over 

exci ted states i s  a t  t h i s  s tage  of no i n t e r e s t ,  as regards the  development 

of ionizat ion.  

A t  l a r g e r  values of ne, ion iza t ion  becomes stepped, but  even then it  

may be shown t h a t  two sets of s t a t e s ,  within which equilibrium is  main- 

ta ined by e lec t ron  impact, are formed among t h e  atoms. The f i r s t  is com- 

pr i sed  of the  bas ic  state and the  t w o  adjacent states; the  second - of the  

remaining states and t h e  continuous spectrum. 

L e t  us  w r i t e  t h e  system of equations f o r  t h i s  pa t t e rn  of combined /347 

l eve l s .  W e  s h a l l  t ake  e lec t ron  processes and a s soc ia t ive  ion iza t ion  i n t o  

consideration. The e lec t ron  source is 

1 ; s .  & ; The nota- accomplished f o r  n > 3. Furthermore, ,ic~- J , ~ ' * ,  jcl" = -- > 
2 j  2 ,t,i.te n-1 

n t i o n  jkee, jkel, jeln, aek, e t c .  i s  l e f t  f o r  t he  N atom; ikee, ikel, i e l  B&, 

1 2  



etc., is the corresponding notation f o r  the 0 atom. For example, 

The coefficient 

is introduced for the process of forming NO+. Radiation absorption is taken 

into account by P and P%. 
Nk 

The source of electron energy is 

where Uo and UN designate the ionization energy of the oxygen and nitrogen 

at oms. 

This system of kinetics equations (to which must be added an equation 

f o r  Ta) is integrodifferential. Substantial computation difficulties must 

be overcome to solve this system, but in a number of cases it may be simpli- 

f ied . 
At the beginning of relaxation, there are certain nonessential pro- /348 

cesses. In addition, nN 0.79n(l - a), no 2 0.21n(l - a). We then have 

13 



Here the following notation is used: 

The remaining notation is similarly introduced. 

eq It may be demonstrated that when, under our conditions, a 5 0.3a 

(subscript eq refers to parameters of equilibrium attainable when there are 

no losses) impacts of the second kind and recombination, transferring parti- 

cles from the upper set into the lower, may be neglected, as well as radia- 

tion processes, both in kinetics and in energy balance. The conservation 

equations are accordingly simplified. 

Computing Relaxation in Air 

Relaxation for shock waves of velocities v1 >, 10 km/sec is determined 

by the processes which follow. At first, associative ionization N + 0 = 

= NO+ + e, N + N = N2+ + e, 0 + 0 = 02+ + e prevails. With the growth of 

ne, the role of stepped ionization by electrons also increases, and the 

velocity of ionization is determined by electron temperature. 

pally supported by elastic electron-ion collisions. 

It is princi- 

At the beginning of 

relaxation, the electrons, which were already "hot" to a significant degree, 

become further heated by elastic collisions with atoms. 

Let us discuss the velocities which we chose for the different processes. 

14 



By utilizing experimental data on dissociative recombination, we 

can find the velocity of associative ionization. 

efficients of the ions N2+, NO+, 02+ measured at low temperatures are 

close in size and are large. 

tential curves of the recombination products and of the molecular ion 

intersect near the ion's basic vibrational level, K = 0 (for N2+ this 

point of intersection is still unknown, which is obviously an indication 

of the general lack of information on unstable states). 

section of this type, the recombination coefficients usually depend on T, 

as T-3'2. 

The recombination co- 

This indicates that in every case the po- 

/349 

With an inter- 

Let us use this for extrapolation to larger values of T: 

(20) see. ~ 3 . 1 p p ' , >  c.x':' I,.: 1 = 1; .  : o - : p . , :  , 1 4  . f - - h.!Q-"T-',. 

These figures are taken from (Ref. 4), where a similar line of reasoning 

is followed. Because of the impossibility of accurately determining the 

recombination products (e.g., one of the N atoms may be weakly excited), 

it is assumed in expression (20) that they are atoms in basic states. At 

large values of T, this assumption does not have too great an effect on 

ionization. 

A greater error in the growth of T is apparently caused by the following 

effects. 

population of the lower vibrational levels, and this reduces the coefficient 

of recombination. (2) The reaction also goes through other higher-situated 

points of intersection, and this increases the coefficient of recombination. 

(1) The dependence of T- 3/2 does not account for the change in 

As a light particle, the electron falls heir to all the energy above 

the threshold energy. When the potential curves intersect in the vicinity 

of K = 0, the cross-section of the process rapidly decreases as the energy 
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rises. By v i r t u e  of t h i s ,  the  value of is small. In other  cases ,  t he  

cross-section may be s l i g h t l y  dependent on energy, and t h e  problem i s  com- 

p l i ca t ed  because an ion  may form a t  various K l eve l s .  A rough estimate 

shows t h a t  5 does not exceed kT,. 

cant, because e lec t ron  temperature at t h e  beginning of re laxa t ion  does not 

a f f e c t  ion iza t ion  veloci ty .  

The indeterminacy of T i s  not s ign i f i -  

* * Cross-sections t o  ca l cu la t e  jiee , j Z e e  , iiee*, etc. are found by 

t h e  method proposed i n  (Ref. 6 and 7 ) ,  which most f u l l y  accounts f o r  t he  

exact behavior of t he  cross-section i n  the  threshold v i c i n i t y  and a t  g rea t  

energies.  In t h e  i n t e r v a l  Te = 8000 t o  18,0OO0K, w e  have: 

,,t'" _= ;i .iu lii ).p;c--1150;*11r, , i,.- = 1,s. iCr'"i'T;c"'"T.f~~'~sec. (21) 

These coe f f i c i en t s  are adequately prec ise  when w e  consider t h a t  t h e  rate 

of exc i t a t ion  by e lec t rons  is  t o  a considerable degree determined by t h e  

t r a n s f e r  t o  them of energy from heavy p a r t i c l e s  (Ref. 7).  

W e  f ind  the  t r a n s f e r  of energy from ions t o  e lec t rons  i n  the  usual 

way, i .e.,  

For atom-electron c o l l i s i o n s  it w a s  found t h a t  

- -_ 
(l,,~-:~~;~lIt%-_TLn(XT.--fir,)[; nr, ziti, - ( I  f T,;r#)-$ 

where cs = 6 0 1 0 - l ~  cm2 f o r  N and 5.5*10-16 f o r  0; Ty = 3.1*104 and l .2*104 OK, 

respect ively.  These constants appeared during approximation of t h e  cross- 

sec t ions  measured i n  (Ref. 8 ) .  

A M a x w e l l  d i s t r i b u t i o n  w i t h  respect t o  ve loc i ty  was assumed f o r  t he  

e lec t rons .  Calculations showed tha t  t h e  Maxwell d i s t r i b u t i o n  occurs a t  



values  of ne where e x c i t a t i o n  and ion iza t ion  by e l ec t rons  becomes substan- 

t i a l ,  and Maxwell d i s t r i b u t i o n  occurs. 

* * 
and Bek W e  found aek by means of t r a n s i t i o n  p r o b a b i l i t i e s  derived 

Te = ( 8  f 20)*102 OK, w e  by t h e  quantum defec t  method. 

have 

In the i n t e r v a l  

(22) 
.. ,- ~ 

.-,.(,.:[I S ' .  *'-I3 'I' - I . t ' . t r j  " e  "ht'*T*.$s',sec. 

** The value  of B e i  is similar. 

Associative ion iza t ion  i s  such a powerful mechanism of primary ioni- 

za t ion  t h a t  w e  may r e f r a i n  from considering absorption i n  t h e  r a d i a t i o n  /350 

r e l a x a t i o n  zone of t h e  rest of t h e  gas volume. By assuming t h a t  a l l  t h e  

photons emitted toward the  f r o n t  and corresponding t o  t r a n s i t i o n s  t o  t h e  

t h r e e  lower levels are e f f e c t i v e l y  absorbed, w e  may set an upper l i m i t  t o  

t h e  r o l e  of rad ia t ion .  

t h e  r a d i a t i o n  processes are s i g n i f i c a n t  (Ref. 2). 

Associative ion iza t ion  i n  argon proceeds slowly, and 

Kine t ics  equations can be wr i t t en  f o r  t h e  case i n  which equilibrium 

wi th in  both sets of levels is supported by e l e c t r o n  impact. W e  w i l l  show 

t h a t  t h e  na ture  of d i s t r i b u t i o n  within t h e  sets begins t o  have an  e f f e c t  

only when t h e  hypotehsis adopted proves t o  be t rue .  

L e t  us compare t h e  l i f e t i m e  of state T with  t h e  time i n t e r v a l  between 

impacts which t r a n s f e r  t h e  atom t o  one of t he  adjacent levels of ~ h ~ .  

Regardless of whether we f i n d  cross-sections by Milford's method (Ref. 6 )  

o r  use quas i -c lass ica l  expressions (Ref. 9 ) ,  it  tu rns  ou t  t h a t  with t h e  

values of ne of i n t e r e s t  t o  u s  and with values of p1 > 10'' atm, t h e  r e l a t i o n  

.rhP/'t << 1 holds. 

atom-atom c o l l i s i o n s  which t ranspor t  p a r t i c l e s  between t h e  upper levels 

must a l s o  be compared. Calculations have demonstrated t h a t  a t  values of 

In addi t ion ,  the  e f f i c i ency  of t h e  electron-atom and 
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ne - when t h e  type of combination of levels i n  t h e  set i s  essential - t h e  

atom-atom c o l l i s i o n s  may be disregarded. 

The exc i ted  states of t h e  bas ic  configuration are metastable. The 

electron-atom cross-sections are l a r g e  enough (Ref. 10) t o  maintain equ i l i -  

brium wi th in  t h e  lower l e v e l  set a t  the values of a, which we need. 

Relaxation i n  argon has previously been s tudied  (Ref. 2). It began 

with a c e r t a i n  f i n i t e  degree of ionization. 

with these  values of a, allowed t h e  upper levels t o  be combined, i.e., t h e  

assumption as t o  ion iza t ion  of t h e  excited states w a s  j u s t i f i e d .  

The k i n e t i c s  equations w e r e  solved up t o  a = 0.5 aeq. 

The l a r g e  values of p1, even 

It proved t o  

be poss ib l e  t o  leave out of consideration de-excitation, impacts of t h e  second 

kind, and recombination. The r o l e  of de-excitation i n  equation (14), esti- 

mated by means of equation (24), reached a maximum of 30%. I n  r e a l i t y ,  t h e  

l i n e s  which made t h e  g r e a t e s t  cont r ibu t ion  t o  equation (22) are in t ense ly  

reabsorbed, i.e., not only must t h e  r ad ia t ion  of a given volume element of 

gas,  bu t  a l s o  i t s  absorption of t h e  r a d i a t i o n  of t h e  rest of t h e  gas,  be  

taken i n t o  account. 

e f f e c t i v e  l i f e t i m e s ,  ins tead  of a l i f e t i m e  T of t h e  i s o l a t e d  atoms, i n t o  the  

determination of aek 

values of aek* and Bek* are lower i n  order of magnitude than equation (22). 

Radiation cooling i n  t h i s  re laxa t ion  s e c t o r  could a l s o  be neglected,  i.e., 

Q = 0. 

This may be done approximately by introducing t h e  

* 
and Bek* (Ref. 11).  It i s  found t h a t  such e f f e c t i v e  

Discussion of Results 

The above ana lys i s  of the  elemental processes shows t h a t  up t o  

a = 0.5 aeq, r e l axa t ion  i n  a i r  takes place according t o  a binary 
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system*. 

equilibrium parameters as a function of plx for a given vl. 
that a 

Consequently, the profiles formulated as a function of p1x are valid for 

various values of p 

profiles of a, Ta, and Te when v1 = 12 km/sec. 

This makes it possible to formulate a universal profile of non- 

(Let us recall 

The above-derived solutions are valid for a d  0.5a eq' depends on pl. eq 

in different plx ranges. Figure 1 givesas examples, 1 

No great significance must be attributed to the region of small values 
** of in Figure 1. In reality, there is a slight overlap of ionization 

and dissociation regions (nonessential to the development of relaxation). 

The imprecise determination of (p leads, moreover, to indeterminacy in Te. 

The computations with different values of < gave no perceptibly different 
results, although strong variations were experienced with small xTe (Figure 

1 presents the case 5 = 0 ) .  

electron thermal conductivity tends to raise Te in the region of small 

For the same reason, it is not important that 

values of x. 
We have previously discussed the dependence of Ta and Te on& /= 

(Ref. 2) 

Figure 2 represents the dependence of plt on velocity VI (t is the 

relaxation time in the laboratory system of coordinates). 

Investigations of relaxation in air were previously conducted for 

* (Ref. 4 ,  12, and 13), which investigate the lack of equilibrium behind 
a shock-wave in air for v1 < 9 mm/sec, also noted the binary nature of 
relaxation, but the relaxation process in argon (Ref. 2)was not binary, 
due to the substantial effect on relaxation of radiation from an equili- 
brium zone. 

** Translator's note: Illegible in original foreign text. 
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shock-waves of v e l o c i t i e s  VI ,< 9 km/sec*. Measurements w e r e  made of t h e  

length  of t h e  ion iza t ion  r e l axa t ion  zone -- t h e  d is tance  a t  which t h e  

e l e c t r o n  concentration d r a s t i c a l l y  increases and then arrives a t  quasi- 

equilibrium with a gas state which var ies  slowly i n  t h e  process of dissocia- 

t i o n  relaxation**. 

determined by t h e  k i n e t i c s  of molecular decay. 

Right up t o  w1 = 9 km/sec, t h e  r e l axa t ion  length was  

Figure 2 presents  t h e  

r e s u l t s  of this work. 

From Figure 2 i t  follows t h a t  i n  t h e  v1 = 9 3 10 km/sec range, t h e  

For v1 3 10 kdsec, t h e  na ture  of t h e  r e l axa t ion  abruptly changes ***. 
e n t i r e  r e l axa t ion  time is  determined by t h e  k i n e t i c s  of re laxa t ion .  I n  

t h e  VI = 9 t 10 km/sec range, t h e  ca lcu la t ion  of r e l axa t ion  is a complex 

problem, but  it is clear that t h e  ion iza t ion  r e l axa t ion  time must lengthen 

* V. A. Bronshten s tud ied  re laxa t ion  behind t h e  f r o n t  of a powerful 
shock-wave i n  air (Ref. 16). It w a s  assumed t h a t  i on iza t ion  came from 
c o l l i s i o n s  with e l ec t rons  (atom-atom c o l l i s i o n s  w e r e  not considered). 
It w a s  thus  assumed t h a t  Boltzmann's l a w  defined t h e  r a t i o  of atom 
concentrations i n  excited and basic states over t h e  e n t i r e  nonequili- 
b r i m  region. It w a s  assumed tha t  such a high concentration of 
exc i ted  states w a s  created by r ad ia t ion  absorption. Exci ta t ion  by 
impact w a s  not taken i n t o  account. An elementary estimate shows 
t h a t  t h e  energy emitted by t h e  shock wave is c l e a r l y  inadequate t o  
support t h e  Boltzmann d i s t r i b u t i o n  under t h e  conditions of t h e  non- 
equilibrium zone of t h e  shock-wave. In  addi t ion ,  thermodynamically 
cont rad ic tory  expressions w e r e  u t i l i z e d  as c o e f f i c i e n t s  of t r i p l e  re- 
combination and ion iza t ion  by e lec t ron  impact. 
i on iza t ion  processes are incor rec t ly  considered i n  (Ref. 16) ,  i t  is 
hard t o  assume t h a t  t h e  nonequilibrium zone c h a r a c t e r i s t i c s  derived 
by Bronshten are co r rec t  i n  order of magnitude. 

Since t h e  elementary 

** W e  should note  t h a t  a t  such v e l o c i t i e s  t h i s  quasi-equilibrium of n 
exceeds i t s  equilibrium value. 
ind ica ted  t h a t  a t  higher values of wl, t h i s  excess disappears (Ref. 4). 

The ca l cu la t ion  made f o r  v 1  ,< 9 kmPsec 

*** I n  t h e  VI t 9 t o  10 km/sec range, t h e  value of aeq d i d  i n  f a c t  change 
by a f a c t o r  of 10 ( i n  the  10-11 km/sec range by a f a c t o r  of 21, and 
t h e  ion iza t ion  energy comprised a not iceable  cont r ibu t ion  t o  enthalpy. 
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K ! , . , d  ' .? 4 6 p,rJ3: atm. em 
Figure 1 

Parameter Profile of Nonequilibrium Gas Behind Shock Wave 

vl = 12 km/sec. 
front p1 [right up to a = 0.5 aeq; a 
of the indeterminacy of Te at low values of 5 
this sector is indicated by a broken line in Figure 1. 

Result does not depend on pressure before 

(see text), 
= aeq(pl)]. Because eq 

as v1 increases. This result has nothing to do with the accuracy with which 

associative ionization velocities are established. 

values for these quantities alters the absolute values of the ionization 

The employment of other 

relaxation time, but preserves their nomonotonic nature. At the same time, 

we assume that an abrupt change in quantitative results should not be the 

consequence of greater precision in the reaction velocity values used. 

It is to be noted that the manner in which the theses underlying our 

consideration are satisfied improves as velocity v1 becomes higher. In 

this sense, the case in which v1 = 10 km/sec is the case most liable to 

the effect of various unfavorable factors, such as incompletion of disso- 

/352 

ciation relaxation and discrepancies in associative ionization effective- 

ness. 

This article does not examine matters involving gas glow behind the 

shock-wave. It must be borne in mind that often the role of certain consti- 

tuents in kinetics and in shock-wave radiation is entirely different. A 

low concentration of any strongly-missive gas constituent may not have 
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any 

are 

i t s  

Figure 2 

Dependence of Product of Relaxation Period t ( i n  labora tory  system) 
by Pre-front Pressure p1 ( i n  u n i t s  of p sec-nnn Hg) on 

Shock-wave Velocity 

p1 = 0.02 mm Hg. 
[ a t  v i  i 9 (Ref. 4);  a t  '1 3 10 (our work)]; 
experimental f ind ings  (Ref. 14);  -.- - estimate i n  Appendix. 

Solid l i n e  - i on iza t ion  r e l axa t ion  c a l c u l a t i o n  
dot ted  l i n e  - 

e f f e c t  on k i n e t i c s  at  a l l .  For example, i f  charge exchange processes 

f a s t  enough, t h e  va lue  of nN + may be comparatively l a r g e  and exceed 

va lue  i n  equilibrium, while t h e  atomic i o n  concentration meantime 

2 

remains considerably smaller. Therefore, desp i t e  t h e  r i g i d  l i n k  between 

t h e  concentrations of exc i ted  atoms and e l ec t rons  throughout most of t h e  

r e l a x a t i o n  length,  t h e  problem of emissive p a r t i c l e  concentration cannot 

be  considered t o  be solved. I n  addition, i n  t h e  f i r s t  r e l axa t ion  sec to r  

w e  are not adequately f ami l i a r  with the concentrations of exc i ted  atoms, 

and t h e r e  i s  a c e r t a i n  number of s t i l l  undissociated molecules. Without 

a f f e c t i n g  k i n e t i c s ,  t hese  two latter f a c t s  can never the less  be  very impor- 

t a n t  wi th  regard t o  luminescence behind t h e  shock wave, but  as v1 becomes 

h igher ,  t h e i r  r o l e  should decrease. 

W e  have examined t h e  region of ion iza t ion  r e l axa t ion  i n  which opposing 

processes may be disregarded. The region where t h e  gas passes through a 

state approximating equilibrium is very complex, and here  t h e  opposing 
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processes are very significant. The last stage of relaxation moreover 

proceeds in a gas which may be appreciably cooled because of radiation 

yield. If E is large, then the gas has time to reach equilibrium before 

radiation cooling significantly lowers its internal energy. Equilibrium 

will be further maintained, but at a gradually decreasing temperature 

(Ref. 15). It is, however, possible that radiation yield will prove to be 

substantial even in the last stage of relaxation. In this case, equilibrium 

will in general not be attained because of the continuously-uncompensated 

combination of excited and ionized states (Ref. 5). If, however, the 

efficiency of the impact processes is great enough, the gas will arrive 

at a state of local equilibrium, but at temperatures below those calculated 

on the assumption that there will be no radiation losses. 

In a paper which will follow, we hope to examine the whole relaxation 

region by taking advantage of the general equations written above. 

The authors are grateful to Yu. P. Rayzer for his valuable comments. 

APPENDIX 

Dissociative Relaxation at Large Values of v2 

It was noted in (Ref. 3) that the length of the dissociative relaxa- 

tion zone behind powerful shock-waves is very short. 

ciate immediately in collisions between atoms and among themselves. 

The molecules disso- 

Let us 

cite the appropriate estimates. 

Under our conditions, O2 molecules dissociate practically instan- 

taneously. We will examine the kinetics of N2 dissociation. Let us intro- 
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In the symbol SN - the source of nitrogen atoms - we take into account 

Introducing the notation k(O) , k(N) , k(Nz) for their velocities , we get 

e'. L i :  .\ 7- P ,  + R S )  / (i +- ?.:+ P)]'(I - p) x 
x [2:!.J', -!- 2 ; i 9  f- (1 - ; ) I$%] .  (25) 

Equation (23) is integrated by taking into account conservation conditions /353 

We have assumed that the vibrational relaxation of N2 has finished. 

assumption does not affect the result. 

This 

Figure 2 gives the findings of the calculation made using dissociation 

velocities taken from the survey in (Ref. 13). 

point at which the molecular fraction is 0.08 of all the particles. 

Time tdis corresponds to the 

At 

velocities of v1 >/ 10 km/sec, the value of tdis is comparatively small. 

Associative ionization also proceeds simultaneously with dissociation, 

but the degrees of ionization achieved in time tdis are slight, and do not 

affect the gas parameters. We 

will compute the degree of ionization reached during dissociation: 

This also holds true when v1 < 9 (Ref. 4). 

z 

[ ~ ( ~ ) = / n ' f ~ , ~ , ( ~ f - ~ ~ + ~ ) j - * ~  e sCb.  (27) 

when v1 = 10 km/sec, a 

quantity, and does not influence the succeeding course of relaxation. 

1.7*10'3 is reached in time tdis. This is a small 

The case of v1 = 9 km/sec was also studied. Here the dissociation 

of N2 by the formation of NO plays just as important a role as in equation 

(24). Ionization relaxation proceeds simultaneously with dissociation 
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re laxa t ion .  The ion iza t ion  relaxation cha rac t e r i s t i c s  derived, as w a s  

t o  be expected, agreed with those quoted i n  (Ref. 4). 

Note i n  proof. After this paper w a s  sen t  t o  press ,  an art icle by 

Allen, R. A., Textor is ,  A., and Wilson, J. appeared (J. Quant. Spectr. 

Radiat. Transf.,  Vol. 5 ,  p. 95, 1965) which measured re laxa t ion  periods.  

It gave an ioniza t ion  re laxa t ion  time Of t sec f o r  a shock-wave of 

v 1  = 10.9 and 11.25 km/sec and p1 = 0.1mm Hg, which gives good confirma- 

t i o n  of our conclusions. 

Received 6 October 1964. 
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